Spatially localized nuclear magnetic resonance spectroscopy was used to investigate with transmural differentiation the response of myocardial high energy phosphate compounds and inorganic orthophosphate (Pi) to graded reductions in coronary blood flow caused by sustained coronary stenosis. In an open-chest model, localized 31P nuclear magnetic resonance spectra from five layers across the left ventricular wall were obtained simultaneously with transmural blood flow measurements during control conditions and during sustained graded reductions in intracoronary pressure. Both the blood flow, and high energy phosphate and Pi contents displayed transmural heterogeneity in response to decreases in intracoronary pressure. The subendocardial creatine phosphate (CP) level remained unchanged as blood flow was reduced to approximately 0.7 ml/min/g wet wt and decreased precipitously beyond this critical flow level. The relation between CP and flow in the midmyocardium and especially in the subepicardium was more complex. Subepicardial CP content did not correlate well with blood flow; however, in cases in which a coronary stenosis resulted in subendocardial hypoperfusion but subepicardial flow was near or above normal, a close correlation was present between subepicardial and subendocardial CP levels. ATP levels in all layers remained unaltered until blood flow was severely reduced. These results demonstrate that 1) the myocardial high energy phosphate and Pi levels at any transmural layer are not generally determined by°2 and blood flow limitation under basal conditions; 2) during subtotal coronary occlusion, increased oxygen extraction is able to meet myocardial needs until a critical level of stenosis is reached; 3) below a critical flow level, subendocardial CP and Pi contents are closely correlated with absolute subendocardial blood flow; and 4) in the presence of a coronary stenosis, subepicardial CP and P1 contents may change even in the absence of perfusion deficit secondary to loss of subendocardial function. (Circulation Research 1990;67:660-673) U nder conditions of myocardial ischemia, intracellular inorganic phosphate (Pi) accumulates as high energy phosphate (HEP) compounds, ATP and creatine phosphate (CP), are depleted. These alterations in metabolite levels are expected to be transmurally nonuniform and most From the severe in the subendocardium when the cause of ischemia is reduced blood flow caused by coronary stenosis. Factors responsible for this heterogeneity include relatively higher myocardial oxygen demand within the subendocardium1-4 and more severe subendocardial hypoperfusion5,6 in the presence of a flow-restricting coronary artery stenosis. Consistent with this expectation, several studies based on biopsy and acid extraction techniques have previously shown that the concentrations of CP and ATP in the subendocardium are lower during coronary artery occlusion.6-11 However, quantitative measurements of myocardial HEP and Pi content by biopsy techniques are difficult to perform without perturbing the levels of metabolites, especially those of CP and Pi.
Spatially localized nuclear magnetic resonance spectroscopy was used to investigate with transmural differentiation the response of myocardial high energy phosphate compounds and inorganic orthophosphate (Pi) to graded reductions in coronary blood flow caused by sustained coronary stenosis. In an open-chest model, localized 31P nuclear magnetic resonance spectra from five layers across the left ventricular wall were obtained simultaneously with transmural blood flow measurements during control conditions and during sustained graded reductions in intracoronary pressure. Both the blood flow, and high energy phosphate and Pi contents displayed transmural heterogeneity in response to decreases in intracoronary pressure. The subendocardial creatine phosphate (CP) level remained unchanged as blood flow was reduced to approximately 0.7 ml/min/g wet wt and decreased precipitously beyond this critical flow level. The relation between CP and flow in the midmyocardium and especially in the subepicardium was more complex. Subepicardial CP content did not correlate well with blood flow; however, in cases in which a coronary stenosis resulted in subendocardial hypoperfusion but subepicardial flow was near or above normal, a close correlation was present between subepicardial and subendocardial CP levels. ATP levels in all layers remained unaltered until blood flow was severely reduced. These results demonstrate that 1) the myocardial high energy phosphate and Pi levels at any transmural layer are not generally determined by°2 and blood flow limitation under basal conditions; 2) during subtotal coronary occlusion, increased oxygen extraction is able to meet myocardial needs until a critical level of stenosis is reached; 3) below a critical flow level, subendocardial CP and Pi contents are closely correlated with absolute subendocardial blood flow; and 4) in the presence of a coronary stenosis, subepicardial CP and P1 contents may change even in the absence of perfusion deficit secondary to loss of subendocardial function. (Circulation Research 1990;67:660-673) U nder conditions of myocardial ischemia, intracellular inorganic phosphate (Pi) accumulates as high energy phosphate (HEP) compounds, ATP and creatine phosphate (CP), are depleted. These alterations in metabolite levels are expected to be transmurally nonuniform and most severe in the subendocardium when the cause of ischemia is reduced blood flow caused by coronary stenosis. Factors responsible for this heterogeneity include relatively higher myocardial oxygen demand within the subendocardium1-4 and more severe subendocardial hypoperfusion5,6 in the presence of a flow-restricting coronary artery stenosis. Consistent with this expectation, several studies based on biopsy and acid extraction techniques have previously shown that the concentrations of CP and ATP in the subendocardium are lower during coronary artery occlusion.6-11 However, quantitative measurements of myocardial HEP and Pi content by biopsy techniques are difficult to perform without perturbing the levels of metabolites, especially those of CP and Pi.
As a result, there exist large variations among the values reported for these phosphorylated compounds in biopsy studies performed even under normoxic conditions. In addition, the destructive nature of the biopsy method precludes the performance of sequential measurements on the same ischemic zone on the same heart.
Phosphorus-31 nuclear magnetic resonance (NMR) spectroscopy allows serial measurements of HEP compounds nondestructively and has been used to investigate numerous aspects of myocardial bioenergetics (e.g., and references therein). However, these previous NMR studies have treated the left ventricular (LV) wall and its response to various perturbations as transmurally homogeneous. We have recently demonstrated that spatially localized NMR spectroscopy can be used to obtain transmural phosphorus and proton NMR spectra. [21] [22] [23] [24] Extensive experimental data were provided documenting the accuracy of the spatial localization achieved by our technique and the ability to differentiate subepicardium, subendocardium, and midmyocardium without cross-contamination.21,23 Subsequently, we used this approach to investigate the transmural response of HEP and Pi levels to increases in workload in the normoxic canine heart in vivo.23 In this particular study, we have evaluated with transmural differentiation HEP and Pi levels in the presence of graded coronary stenosis that markedly alter the transmural distribution of blood flow in the LV wall.
Materials and Methods

Surgical Preparation
Twelve adult mongrel dogs weighing 14-20 kg were anesthetized with sodium pentobarbital (30-35 mg/kg i.v.), intubated, and ventilated with a respirator with supplemental oxygen. The left femoral artery was isolated, and a heparin-filled polyvinyl chloride catheter (3.0 mm o.d.) was inserted and advanced into the ascending aorta. A thoracotomy was performed in the left fourth intercostal space. The pericardium was opened, and the heart was suspended in a pericardial cradle. A heparin-filled catheter was introduced into the LV through a stab wound in the apical dimple and secured with a purse-string suture. A similar catheter was placed into the left atrium through the atrial appendage. An epicardial bipolar pacing electrode was then sutured to the right atrial appendage. A 1.5-2.0-cm segment of the left anterior descending coronary artery proximal to the first major epicardial LV branch was dissected free, and a hydraulic occluder constructed of polyvinyl chloride tubing (2.7 mm o.d.) was placed around the artery. A silicone elastomer catheter (0.03 mm i.d.) was placed within the left anterior descending artery distal to the occluder by the method of Gwirtz.25 The area of LV that became cyanotic after inflation of the arterial occluder was determined by visual inspection, and a 28-mm NMR surface coil was centered over this area and sutured to the epicardium. The pericardial cradle was then released, and the heart was allowed to assume its normal position. Care was taken to avoid having the chest wall or lung over the area of the surface coil. The surface coil leads were connected to a balancedtuned circuit external and perpendicular to the thoracotomy incision. The animals were then placed in a methyl methacrylate cradle and positioned within the magnet.
Nuclear Magnetic Resonance Technique
All measurements were performed with cardiac and respiratory gating in a 40-cm bore 4.7-T magnet interfaced with a CSI-II console (General Electric, Fremont, Calif.). 31P NMR and 1H frequencies were 81 and 200.1 MHz, respectively. NMR data acquisition was gated to the cardiac cycle from the LV pressure signal as previously described. 23 Respiratory gating for NMR data acquisition was also achieved by gating the respiration to the cardiac cycle.23 Spectra were recorded in late diastole with a pulse repetition time of 6-7 seconds. The repetition time of 6-7 seconds has previously been found to yield full relaxation for ATP and Pi resonances and approximately 95% relaxation for the CP resonance.21-23 CP resonance intensities were corrected for this minor saturation as described previously. 23 Radiofrequency transmission and signal detection were performed using a 28-mm-diameter surface coil. The coil was cemented to a sheet of silicone rubber 0.7 mm in thickness and approximately 4 cm in diameter. A 5-mm-long capillary containing 15 ,gl of 3 M phosphonoacetic acid was placed at the coil center. The capillary and exterior surface of the coil were encased in silicone rubber (General Electric). The H20 signal detected at 200 MHz through this surface coil was used to homogenize the magnetic field and to adjust the position of the animal in the magnet so that the coil was at or near the magnet and gradient isocenters. The latter task was accomplished using a spin-echo experiment and a readout gradient. The information gathered in this step was also used to center the ISIS column for the FLAX-ISIS experiment (described below). All chemical shifts were measured relative to CP, which was assigned a chemical shift of -2.55 ppm relative to 85% phosphoric acid.
Spatial localization across the LV wall was performed using the FLAX-ISIS method. 21, 23 Signal origin was restricted to a 17 x 17-mm2 column coaxial with the surface coil and hence perpendicular to the LV wall. Within the column, the signal was further localized to five voxels centered about 450, 600, 900, 1200, and 1350 spin rotation increments21,23; these voxels are labeled numerically as 1 through 5, respectively. (Voxel denotes the three-dimensional volume to which signal origin is restricted with the spectroscopic spatial localization method used. In this study, each voxel corresponds to a transmural layer or slice.) Fourier coefficients and the multiplication factors used to construct the voxels were identical to those given by Robitaille et al. 21 The position of the voxels relative to the coil was set using the B, strength at the coil center, which was experimentally deter-mined in each case by measuring the 90°pulse length for the capillary-contained reference located at the coil center. As in our previous study of the normal myocardium,23 in this study the voxels were positioned along the column so that the capillary at the coil center experienced a 1580 rotation for the incremented square pulse when n = 1.
The 17 x 17-mm2 column was defined using sech/ tahn-modulated, 1.5-2-msec-long, adiabatic inversion pulses26 and 2.5-3.0-G/cm BO gradients. The adiabatic excitation pulse that follows the adiabatic inversion pulses in FLAX-ISIS was based on optimized NOM (sin/cos; v:0.2-20) functions27 and was typically 1 msec long.
Complete sets of spatially localized transmural spectra were recorded in 13 minutes of data acquisition. Two consecutive 13-minute sets were obtained and subsequently added for enhanced signal-to-noise (S/N) ratio. A total of 116 scans were accumulated within each 13-minute block. The number of scans for each term (i.e., for each n) in the 12-term FLAX-ISIS series is given in Robitaille et al. 21 
Hemodynamic Measurements
Aortic, LV, and mean distal intracoronary pressures were measured using Spectramed THOR pressure transducers positioned at mid-chest level. All pressures were recorded on an eight-channel direct writing recorder (model R14-28, Coulbourn Instruments, Inc., Lehigh Valley, Pa.).
Myocardial Blood-Flow Measurements
Distribution of blood flow across the wall of the LV was measured with microspheres, 15 gm in diameter, suspended in low molecular weight dextran and labeled with one of the following radionuclides: 51Cr, 85Sr, or 'Nb (3M, St. Paul, and New England Nuclear Corp., Boston). Microspheres were agitated in an ultrasonic mixer for at least 15 minutes before injection. Approximately 3x 106 microspheres were injected into the left atrial catheter and flushed with 10 ml normal saline for each measurement. A reference arterial blood specimen was withdrawn via the aortic catheter at a rate of 15 ml/min beginning at the time of injection and continuing for 90 seconds. After completion of the study, the dogs were killed with a lethal injection of pentobarbital, and the heart was removed and fixed in 10% buffered formalin. After fixation, the heart was sectioned into four transverse rings from base to apex such that a myocardial ring 2.0 cm in thickness contained the area of myocardium located directly under the surface coil. Each ring was cut into six sections and then divided into three transmural layers of equal thickness. The resultant specimens were weighed on an analytical balance and placed in counting vials. Radioactivity in myocardial and blood reference specimens was determined with a gamma spectrometer (model 5912, Packard Instrument Co., Inc., Downers Grove, Ill.) with a multichannel analyzer at window settings appropriate for the combination of radioisotopes used during the study. The activity in each energy window, background activity, and sample weight was entered into a digital computer programmed to correct the counts recorded in each window for contaminant activity contributed by the associated isotopes, as well as for background activity, and to compute the corrected counts per minute per gram of myocardium. Knowing the rate of withdrawal of the reference sample (Qr), the radioactivity in the reference sample (Cr), and that complete mixing of the microspheres in the LV and aortic root resulted in a uniform ratio of blood flow to radioactivity, myocardial radioactivity (Cm) was used to compute myocardial blood flow (Qm) as follows: Qm=Qrx Cm/Cr. Blood flows were expressed as milliliters per minute per gram wet weight of myocardium.
31P Nuclear Magnetic Resonance Spectral Analysis
All spectra were integrated using GEMSCI software. For each case studied, all integrals were normalized against integrals of the data set obtained under control conditions.
To get a more accurate measurement of relative ATP levels in each voxel, the ATP content per voxel was taken as the average of the intensities contributed by ATPY and ATPa resonances. The latter was measured from the resonance at approximately -10 ppm, which also contains a small contribution from the resonances of NAD/NADH. A correction for the NAD/NADH contribution was applied to the -10ppm peak of the transmural spectra with a measure of this contribution obtained from the high S/N ratio spectrum of the entire ISIS column. When data were analyzed using only the ATPy resonance, the results were not different. Because of off-resonance problems,23 the ATPe peak is not suitable for assessing the transmural ATP content.
ATPG and ATP, peaks overlap with the ADPa and ADP, peaks, respectively. However, "free" ADP levels are approximately 103-fold lower compared with the myocardial ATP content and remain low even during ischemia because of creatine kinase and myokinase activities. Thus, the resonances labeled as ATP in the spectra represent, at the S/N ratio of NMR data, the ATP content. Nucleoside monophosphates such as AMP and IMP formed during ischemia resonate in the phosphomonoester region, downfield of the Pi peak and, as such, are well resolved from all resonances detected. Study Protocol Aortic, LV, and mean left anterior descending intracoronary pressures were monitored continuously during the study. Heart rate was maintained at 150-160 beats/min with the use of a pacer if heart rate dropped below 150 beats/min. Periodic doses of pentobarbital (approximately 5 mg/kg every 1-2 hours) were given to maintain anesthesia. Arterial blood gases and pH were monitored, and the ventilator rate, volume, and inspired 02 content were adjusted to maintain normal physiological values. Hemodynamic measurements and 31P NMR spectra were first obtained during the baseline state. Spectroscopic data were acquired over a 26-minute period, in two consecutive 13-minute transmural data sets. Midway through the 26-minute acquisition period, between the two 13-minute transmural sets, a microsphere injection for determination of regional blood flow was performed. After completion of these control measurements, distal intracoronary pressure was reduced by partial inflation of the hydraulic occluder. The initial reduction was to 60 mm Hg in seven dogs and to 50 mm Hg in five dogs. After intracoronary pressure had stabilized for 2-4 minutes, 31P NMR spectra acquisition was begun. A second injection of microspheres was administered midway through the 26-minute data acquisition period. After completion of NMR data acquisition, the stenosis was released, and the dogs were allowed to recover for at least 10 minutes. This protocol was repeated at successive 10 mm Hg decrements to a minimum distal intracoronary pressure of 40 mm Hg in most cases. Simultaneous regional blood flow measurements and 31P NMR spectra were obtained at 60 mm Hg in six dogs, at 50 mm Hg in 10 dogs, and at 40 mm Hg in eight dogs. In a few cases, intracoronary pressures were further reduced to 30 mm Hg, and NMR data were obtained without flow determinations.
Data Analysis
Hemodynamic variables were measured from the strip-chart recordings. For those dogs that did not have a blood flow determination before the interventions, the control flow was taken from the posterior wall during the first level of stenosis. The numerical values obtained for CP and ATP during each intervention were expressed as a percentage of the baseline value for each compound. Phosphorus spectra from the first, third, and fourth outermost voxels were taken to represent the subepicardium, midmyocardium, and subendocardium, respectively. Myocardial pH was calculated from the chemical shift in parts per million of Pi with the formula described by
with the CP peak referenced at -2.55 ppm. Statistics Hemodynamics and regional myocardial blood flow as measured with microspheres were analyzed by a one-way analysis of variance with replica-tions; significance was defined at a value of p<0.05. When results were found to be significant by analysis of variance, individual comparisons were made by Scheffe's test.
Results
Hemodynamic Data
Hemodynamic data at baseline and during each intervention are summarized in Table 1 . Heart rate remained constant throughout the study and did not differ between interventions. Mean arterial and LV systolic pressures were similar at baseline and at distal intracoronary pressures of 60 and 50 mm Hg but were significantly decreased when the distal coronary pressure was reduced to 40 mm Hg (p<0.05). The rate-pressure product did not change significantly throughout the study.
Myocardial Blood Flow
The relation between transmural myocardial blood flow and distal intracoronary pressure is shown in Figure 1 and Table 2 . The control groups for each level of stenosis were not identical because not all animals were examined at all levels of coronary pressures.
During baseline conditions, there was a slight excess in blood flow to the subendocardium. At an intracoronary pressure of 60 mm Hg, blood flow was reduced only in the subendocardium, producing a reversal in the gradient of transmural perfusion. As the coronary pressure was decreased to 50 mm Hg, there was progressive hypoperfusion of the subendocardium (p<0.05) and the midmyocardium, while the subepicardial flow was unchanged, resulting in a large flow gradient across the wall. Mean flow was significantly reduced to all three transmural layers at 40 mm Hg (p<0.05), with the lowest flow still occurring in the subendocardium.
Transmural Spectra Under Control Conditions
Two typical "control" transmural sets acquired under normoxic conditions are illustrated in Figures 2 and 3 as part of a series of spectra recorded before and during coronary stenosis. The voxels were always positioned so that voxel 5 was over the outer edge of the LV wall and extended slightly beyond the capillary at the coil center. 23 Thus, voxel 5 contained a resonance at approximately 20 ppm downfield from 1 and to a lesser extent in voxel 2, which partially overlaps voxel 123; even in such cases, however, 2,3-DPG peaks were absent, as expected, in voxels that were filled primarily with LV tissue. An example of such a case is illustrated in Figure 4 ; this figure also shows the 12 separate animals were examined. However, not all cases were subjected to all three levels of stenosis (see "Materials and Methods"). Each control data set given above includes only those individuals that were studied at that particular level of stenosis. The number of animals examined at stenosis levels 1, 2, and 3 were 6, 10, and 8, respectively. *p<0.05 vs. baseline.
reference signal (peak R) that originates from the capillary at the coil center in voxel 5.
The control spectra are characterized by high CP and ATP levels. Pi has either been too low to observe at all or too low to assign with confidence at the S/N ratio of transmural spectra (Figures 2-4 and spectra presented in Reference 23). A very small Pi resonance is usually evident in the high S/N ratio 31p NMR spectra that can be obtained from the whole wall without transmural spatial localization (e.g., References 20, 23, 29) . A small Pi resonance was detectable transmurally in the first few canine hearts we examined in vivo under control conditions; transmural spectra for these cases were illustrated in the paper by Robitaille et al,21 which described the spatial localization technique for the first time. However, our subsequent and more extensive experience suggests that these Pi peaks may have arisen from transient ischemia during the model preparation.
Response of High Energy Phosphates and Inorganic
Phosphate to Ischemia
Two typical but somewhat different HEP responses to progressive reductions of intracoronary pressure are shown in Figures 2 and 3 . The corresponding blood flow data for these cases are given in Table 3 .
In the first case, a transmural blood-flow gradient was evident at both 60 and 50 mm Hg intracoronary pressures; however, at the 60 mm Hg level, only the midmyocardial to subendocardial layers showed hypoperfusion ( Table 3 , case 1). Pi was not detected under control conditions (Figure 2 ). However, when the intracoronary pressure was reduced to 60 mm Hg, reduction in CP and appearance of Pi resonances (marked by asterisks) were noted in the midmyocardial to subendocardial voxels (Figure 2 Corresponding blood flow data are given in level, the transmural flow gradient remained, but the flow to all layers was further reduced; again, a parallel response was noted in the Pi level, which was detected in all but the outermost voxel, labeled as "epi" (Figure 2 ). With a further reduction in the intracoronary pressure to 40 mm Hg, the appearance of Pi and the loss of CP extended across the whole wall, with a gradient of increasing Pi levels toward the subendocardium. A flow determination was not performed at the last level of stenosis in this case. In the second case, baseline flows were already quite low (Table 3) . For this case, the intracoronary pressure was first reduced to 50 mm Hg; in response to this stenosis, perfusion became transmurally nonuniform, with reductions in blood flow noted in the midwall and especially the subendocardial layer (Table 3 , case 2). In agreement with the perturbed flow pattern, the corresponding transmural NMR spectra (Figure 3 ) displayed elevated Pi with an accompanying decline in CP relative to control only in voxels 1 and 2. The next level of stenosis reduced the intracoronary pressure to 40 mm Hg; the blood flow decreased in all layers, and the absolute flows were very low even in the subepicardium ( Table 3 , case 2). At these low flow rates, Pi appeared in all voxels (Figure 3 ) despite the continued presence of the transmural flow gradient. A further reduction in the intracoronary pressure to 30 mm Hg in this case led to further increases in the Pi level and disappearance of total phosphate signal from the innermost For the example given in Figure 2 , the transmural pH values at 60 mm Hg distal pressure were 6.8, 6.8, and 7.0 in voxels 1-3, respectively. At 50 mm Hg, the cytoplasmic pH was 6.8, 6.8, 7.0, and 7.0 in voxels 1-4, respectively. At 40 mm Hg, the cytoplasmic pH was 6.7, 6.8, 6.9, 7.05, and 7.05 in voxels 1-5, respectively, going from the endocardium to the epicardium. In the second example given, a Pi resonance became detectable in the two deepest voxels at the first level of stenosis, where the intracoronary pressure was reduced to 50 mm Hg. Intracellular pH was 7.1 in these two voxels, despite the presence of the elevated Pi level. At 40 mm Hg, where the Pi was approximately equally elevated in all voxels, the intracellular pH was also uniform across the whole wall and slightly lower than normal, varying between 6.85 and 6.95 among the different voxels. However, at the next level of stenosis, where the intracoronary pressure was reduced to 30 mm Hg, both the HEP and Pi contents, and the intracellular pH were significantly perturbed; in the deepest voxel, labeled as "endo," a single, intracellular pH value was not measurable because of the broad, low-level signal present in the Pi region of the spectrum. In voxels 2-5, pH was 6.2, 6.1, 6.1, and 6.4, respectively. The Transmural CP responses to reductions in blood flow are shown in Figure 5 . In the subendocardium ( Figure SA) , CP was largely preserved until blood flow decreased below approximately 0.7 ml/min/g wet wt, and then decreased precipitously. As would be expected from this type of a relation, the degree of flow reduction needed to produce a significant loss of CP was dependent on the baseline subendocardial blood flow rate, which varied from dog to dog. If the initial subendocardial blood flow was high, subendocardial CP level remained virtually unaltered despite large decreases in flow until the flow reached below approximately 0.7 ml/min/g wet wt (e.g., the case illustrated with the open circles in Figure SA ). 
DI ATP,
In contrast, when the initial blood flow to this region was already low (e.g, the case illustrated with the closed circles), a very small reduction in flow produced a large decrease in subendocardial CP. This point is also illustrated in Figure 6 , in which all the cases examined were divided into three subgroups based on their initial blood flows, and the change in CP was plotted versus the change in blood flow.
The relation observed between blood flow and CP levels in the subendocardium deteriorated in the midmyocardium ( Figure 5B ) and especially the subepicardium ( Figure SC) . In several dogs, subepicardial CP levels decreased, and Pi increased substantially despite insignificant changes in blood flow relative to baseline. The case illustrated in Figure 3 provides an example of this type of response. To evaluate the possibility that the subepicardial meta-VOXEL NO.
1 bolic response to ischemia was related to the degree of abnormality in the subendocardium, we examined CP levels in these two layers when there was significant subendocardial hypoperfusion but near-normal or supranormal subepicardial flow (Figure 7 ). There was a significant linear relation between the two values, suggesting that the response of subepicardial CP to progressive degrees of coronary stenosis was related to subendocardial ischemia, even in the absence of subepicardial hypoperfusion relative to baseline.
The relation between ATP and transmural myocardial blood flow is shown in Figure 8 . Because ATP content is much lower than the CP content of the heart, the S/N ratio for ATP is not as good, and consequently, ATP data have more scatter. Nevertheless, it can be observed that, unlike the case for CP content (Figure 5 ), the relation between ATP levels and flow was similar in all transmural layers. ATP tended to be maintained at normal or nearnormal values until very low flow rates (less than approximately 0.5 ml/min/g wet wt), and then declined rapidly.
As previously mentioned, Pi was absent during baseline conditions except in one dog. With progressive coronary stenosis, the Pi resonance peak appeared first in the subendocardium and then progressed toward the outer layers of the heart. However, with severe subendocardial ischemia (flow, approximately 0.3 ml/min/g wet wt or less) a reduction in the total phosphorus signal was noted, and the Pi peak was also diminished in the inner layers (e.g., see Figure 3 ). This biphasic response was seen consistently with severe degrees of hypoperfusion in the deeper voxels, which normally spanned the subendocardium.
In the outermost voxel positioned over the subepicardium, Pi was always detected, even at the most severe hypoperfusion level attained in this study. In any layer, the changes in Pi were inversely related to changes in CP, except during severe ischemia when the resonance intensities from both compounds were markedly reduced in the inner voxels.
The biphasic response of Pi to ischemia in the deeper voxels provided us with limited pH data.
Because Pi was not present in the absence of a stenosis, baseline pH values could not be obtained transmurally. Intramyocardial pH typically ranged from 6.7 to 7.0 in both the subendocardium and subepicardium during the graded stenosis. Because of the loss of the total phosphorus signal, we were unable to measure subendocardial pH at flow rates less than approximately 0.3 ml/min/g wet wt when values might be expected to be significantly lower. Based on their control blood flows, the cases examined were divided into three separate groups with control blood flows between 0.45 and 0. 75 mllmin/g (0), 0. 75 and 1.25 ml/minig (e), and 1.25 and 1.50 ml/minlg (A).
Discussion
Transmural 31P Nuclear Magnetic Resonance Spectroscopy This study documents the transmural bioenergetic response of HEP compounds to graded reductions in coronary blood flow. These results were obtained nondestructively with a newly developed NMR spectroscopy technique, which allows spatial localization to different layers across the LV wall. Details of the theory, implementation, evaluation of spatial localization achieved, and applications to transmural studies of the normal myocardium were previously presented. 21, 23 The ability of the FLAX-ISIS technique to acquire localized spectra for transmural studies and to produce quantitative information from the localized spectra has been rigorously tested and validated with 1H21 and 31P23 images of voxel location and profiles, and spectroscopic localization studies conducted with multichambered phantoms,21 intact rats,23 and in vivo canine myocardium with markers of inner and outer LV wall. 23 We have documented that in the 12-term, five-voxel implementation of FLAX-ISIS used in this study, the voxels centered around 450, 600, 900, 1200, and 1350 spin rotation increments (labeled as voxels 1-5, respectively, in Figures 2-4 ) provide spatially resolved spectra with partial spatial overlap between adjacent voxels but virtually no overlap between every other voxel.21 '23 With this technique, the voxels can be positioned anywhere in space along the coil axis and within the sensitive volume of the surface coil detector. Once the voxel locations are set, they remain fixed relative to the surface coil. In this study, the voxels were positioned relative to the coil and hence to the outer wall of the LV such that the voxel most proximal to the coil (the 1350 voxel) was slightly out of the LV wall on one edge and penetrated approximately 1.5 mm into the LV wall at the other edge; as such, this voxel always contained subepicardial tissue and was labeled as "epi." In a typical approximately 1-cm-thick LV wall, decreased toward the inner wall. 23 However, care must be exercised in deriving quantitative conclusions about metabolite levels across the LV wall in a given transmural set, because signal intensity for each voxel is a complex function of metabolite concentrations, voxel volume (which is nonuniform23), and the extent to which a given voxel is occupied by myocardial tissue. With a homogeneous sample and in the absence of partial volume effects (i.e., the voxels are uniformly occupied), signal intensity should be slightly higher in the inner voxels compared with the outer voxels 5 or 4. This is approximately the case for the control transmural spectra presented in Figure 3 ; the higher CP and ATP intensity in the inner layers compared with voxel 5 of the control spectra in this figure does not necessarily indicate a higher CP and ATP concentration in the inner wall. However, as discussed in detail elsewhere,23 and as illustrated for one case in Figure  4 , partial volume effects may exist for voxel 1 and to a lesser extent voxel 2; in such a case, CP and ATP signal intensities are less in these voxels because the voxel is not completely filled with myocardial tissue (e.g., Figure 4 ). This potential complication does not affect the determination of metabolite ratios within a voxel or changes within a voxel during interventions provided the diastolic wall thickness does not change significantly because of the intervention. In this study, this is not expected except possibly in the few cases in which coronary pressure was reduced to 30 mm Hg. As discussed previously,22 had we accumulated the data in systole, however, systolic thinning in the stenotic area would have made comparisons within a given voxel difficult, if not virtually impossible.
Creatine Phosphate Levels Versus Blood Flow
It is well established that the concentrations of these metabolites, especially CP and Pi, are very sensitive to imbalances of 02 supply and demand (e.g., References 16, [30] [31] [32] [33] . Therefore, the presence of such an imbalance within any transmural layer will be detected by changes in the corresponding NMR signal intensities. In the present study, there was a marked variability between dogs in the magnitude of subendocardial CP loss for a given reduction in blood flow. This variability was in large part explained by variations in the baseline subendocardial flow rate. Dogs having the lowest flow rates lost CP with small reductions in flow, a response markedly different from the animals with the highest baseline perfusion (Figures 5 and 6 ). These observations suggest that in animals with high baseline blood flow rates, 02 supply was in excess of demand and that during coronary stenosis, increased oxygen extraction was able to meet myocardial needs until a critical level of stenosis was reached. Once this reserve was fully exhausted, further reductions of coronary pressure impaired subendocardial aerobic energy production. This point was similar between dogs and independent of the baseline flow rate. These observations indicate that the absolute myocardial blood flow rate is the major factor influencing CP levels in the subendocardium. A similar conclusion is reached about subendocardial segment shortening from function and blood-flow data from previous studies. 34, 35 A linear relation between LV CP content measured by NMR and relative subendocardial flow in an open-chest pig model was recently reported by Schaefer et al.32 This is in apparent contradiction to our data on subendocardial blood flow and CP content ( Figure 5A ). The discrepancies between our results and those of Schaefer et a132 may be the consequence of technical differences between these studies and/or differences between the porcine and canine myocardium. Spatial localization was not used by Schaefer et a132; therefore, their CP values were not obtained purely from the subendocardium, but had 60% of the signal originating from other areas of the heart. 32 Our results ( Figure 5 ) indicate that without appropriate transmural differentiation, the average response observed in the CP and Pi levels may be quite complicated and may even approximate a linear dependence. Furthermore, Schaefer et al measured only subendocardial blood-flow rates relative to control and not absolute flow rates. It is possible that the baseline flows in that study were already uniformly low, in which case an approximately linear relation between flow and CP levels would be expected.
In the present study, the response of subepicardial CP to graded reductions in blood flow was variable, with some cases showing a reduction in CP before any decrease in blood flow had occurred. This finding indicates that variables other than blood flow may significantly influence subepicardial bioenergetics. The presence of a direct linear relation between subepicardial and subendocardial CP values ( Figure  7 ) in cases that did not display significant subepicardial hypoperfusion suggest that the loss of subepicardial CP in the presence of a coronary stenosis is influenced not only by blood flow but also by ischemia occurring in the subendocardium. While only a few cases of the total 13 plotted in Figure 7 are actually responsible for the linear correlation presented in this figure, a similar correlation was also documented between subendocardial and subepicardial shortening in the distribution of a stenotic coronary artery, suggesting a "tethering" effect between these layers. [35] [36] [37] When the stenosis results in selective hypoperfusion of the subendocardium, systolic contraction will fail in this region. Consequently, subepicardial wall stress and resistance to myocyte shortening will increase. We postulate that as a greater fraction of the systolic load is transferred to the subepicardium while the coronary stenosis prevents a commensurate increase in blood flow, 02 availability may ultimately limit subepicardial ATP synthesis rate and work performed if the subepicardial blood flow rates at baseline are already low. In this domain, the HEP and Pi content of the "02limited" subepicardium will behave like that of the subendocardium operating in the critical flow range of approximately 0.7 ml/min/g wet wt.
ATP Levels Versus Blood Flow
Previous investigators have examined the relations between graded reductions in blood flow and ATP values averaged across the LV wall. These studies have demonstrated that the reductions in ATP are both flow and time dependent. 38-4' No previous study has evaluated the transmural response of ATP to graded partial flow restrictions.
Our results demonstrate that ATP loss is closely related to absolute myocardial perfusion in all layers of the myocardium, with ATP values being preserved until flow reached a threshold beyond which ATP loss occurred (Figure 8 ). The ATP loss at low flow rates may also depend on the duration of the ischemic period if the degree of hypoperfusion is severe. Our present experiments, however, were not designed to evaluate the influence of the ischemic duration on ATP values. Our data demonstrate a major difference between the response of transmural CP and ATP levels to reduction in flow. ATP levels appear to be sensitive to only severe inadequacy of blood flow (Figure 8 ), whereas the CP levels may change in the subepicardium even when blood flow is near normal. Inorganic Phosphate Levels and pH Versus Blood Flow Pi resonates very close to the phosphates of 2,3-DPG contained in red blood cells. 20, 21, 33 This makes the quantification of this compound difficult with 31p NMR when spatial localization is not used to eliminate 2,3-DPG contribution from the LV chamber. In the transmural data sets, 2,3-DPG can be detected if voxels are displaced deep enough to penetrate the LV chamber23 or the wall is significantly thinner than approximately 1 cm (Figure 4 ). However, in voxels localized within the wall, a 2,3-DPG contribution is not present, and the elevated Pi signal can be visualized clearly during coronary stenosis (Figures 2 and  3 ). There have been no previous studies evaluating the transmural response of Pi to graded reductions in blood flow. Pi levels without transmural differentiation have been examined using NMR in the presence of flow limitation (e.g., References 32, 33, 42) .
In the present study, the concentration of Pi varied inversely with CP, accumulated first in the inner layers of the heart, and progressed toward the epicardium with progressive hypoperfusion. However, with severe ischemia, the total subendocardial NMR phosphorus signal was diminished in the deeper voxels. The mechanism of this loss is not understood.
It is unlikely to arise from diastolic wall thinning that may occur during severe ischemia; such thinning would displace tissue toward the outer voxels (i.e., toward the coil)22 with the result that the deeper voxels that normally contain subendocardial tissue are occupied by blood in the LV chamber. In such a case, prominent 2,3-DPG signals should be detected as they are in the normal canine heart in vivo, when the voxels are approximately positioned21,23 or the wall is thin. However, this was not observed (e.g., Figure 3 ). The loss of the Pi signal may have been due to washout or due to significantly increased linewidths because of either large pH heterogeneities or immobilization in high molecular weight complexes such as calcium phosphate precipitates.
Intracellular pH can be measured from cytosolic Pi chemical shift (e.g., References 20, 21, 29, 33) when this resonance is detectable. In our study we were unable to measure intracellular pH at the two extremes of myocardial perfusion because of the absence of the Pi peak as discussed above. Nevertheless, the data points where Pi levels were sufficiently elevated to permit the measurement of intracellular pH yielded several interesting observations. First, the large pH decrease noted in prolonged total ischemia (e.g., Reference 33), when the intracellular pH can decrease below 6, was not observed in this study. Instead, pH values in any layer were 6.7 or greater except in a few cases in which elevation in Pi and the loss of CP was substantial, as in the example shown in Figure 3 at the intracoronary pressure of 30 mm Hg.
Second, when Pi was elevated to relatively low levels (i.e., less than or equal to the normal ATP content), intracellular pH remained near normal; examples of this are the two individual cases illustrated in Figures  2 and 3 . Assuming that lactic acid production is the major source of ischemia-induced acidosis, this observation suggests that in a state characterized by relatively small elevations in Pi, lactic acid accumulation is insignificant. This is probably the consequence of adequate 02 supply and flow to support washout and aerobic lactate metabolism at these levels of stenosis. The absence of lactic acid accumulation in the presence of coronary flow was previously observed in hearts perfused with anoxic media.43
Finally, if a Pi concentration gradient with high Pi levels was present across the wall, a pH gradient was also observed, with the pH values being lower in regions where Pi level was higher (e.g., Figures 2 and 3); this observation is anticipated, because higher Pi levels would be a consequence of greater flow reduction and more severe ischemia.
Role of 02 in the Regulation of Oxidative Phosphorylation
Recent studies have led to the postulate that in the myocardium the rate of respiration and ATP synthesis is regulated kinetically through the levels of oxidative phosphorylation substrates ADP, Pi, 02, and mitochondrial NADH.14,16'17 It was demonstrated that under certain conditions, the excised, perfused rodent hearts operated in the domain where ADP and/or Pi availability is the primary determinant of the net ATP synthesis rate. 14, 16, 17 The canine heart in vivo, however, does not operate in this domain,20,23 even when examined in different transmural layers,23 suggesting that the°2 and/or mitochondrial NADH levels may play a more prominent role in respiratory regulation.23 The possibility that 02 may be the primary rate-limiting substrate for oxidative phosphorylation in vivo can be evaluated from the present data (Figure 4) . At the 02-limited domain, the 02 level is not saturating (i.e., not in excess of the maximal demand) but is sufficient to permit submaximal function commensurate with the 02 level. In this state, myocardial CP levels, oxygen consumption rate, and function are all determined predominantly by the 02 concentration and will all decrease with diminishing 02 availability. Therefore, if the subendocardium is in the 02-limited domain, any reduction in blood flow and hence the 02 supply should lead to a decline in the CP level and an increase in the Pi level. According to our data ( Figure   5A ), the subendocardium in the blood flow range of approximately 0.7 ml/min/g wet wt or less is 02 limited so that relatively stable steady states characterized by lower CP, higher Pi, and presumably lower function34,35 are established with each decrement in flow until the blood flow is severely reduced. The transmural spectra shown in Figures 2 and 3 for various levels of stenosis illustrate the HEP and Pi content of such 02-limited steady states. In some individuals (e.g., the example given in Figure 3 ), the baseline blood flows were sufficiently low so that the subendocardium was poised at or near this 02limited domain even in the absence of a stenosis. In other cases, however, baseline blood flows exceeded metabolic needs so that significant reductions in flow did not affect the subendocardial CP and Pi levels ( Figures 5 and 6 ). The subendocardium in such individuals was clearly not 02 limited under baseline conditions. In these cases, the outer layers of the LV wall are not expected to be 02-limited at baseline either; this follows from the fact that subepicardial and subendocardial blood flows are comparable in controls (Figure 1 ) and subepicardial oxygen demand is relatively lower.1-4Therefore, we conclude that the normal myocardium does not necessarily operate at or near the 02-limited domain. However, this domain is approached in some individuals.
Summary
These results demonstrate that spatially localized NMR spectroscopy can be used to evaluate the transmural HEP and Pi response to hypoperfusion nondestructively. The results obtained using this new approach permit us to reach the following conclusions: 1) in the normal myocardium, blood flow and hence the 02 supply is not necessarily the limiting factor in ATP synthesis and utilization, and by implication in work performed; 2) when a coronary stenosis reduces blood flow below a critical level, subendocardial CP and Pi contents become closely related to the absolute level of myocardial blood flow; 3) in the presence of a flow-limiting coronary stenosis, the subepicardial CP and Pi levels were influenced by other factors in addition to myocardial perfusion, suggesting that the subepicardium may be driven into the 02-limited domain because of an increase in subepicardial systolic wall stress secondary to a loss of subendocardial contractile function; and 4) ATP levels in all layers behave similarly during flow reduction and decrease when blood flow is reduced to very low levels (i.e., less than approximately 0.5 ml/min/g wet wt).
